Abstract: Production of biomass for bioenergy will depend on the sustainability of the production resource-base: the soil, water, air and the diversity of the ecosystem as a whole. For soil, potential sustainability indicators, including soil nitrogen and phosphorus, total organic matter, components associated with soil erosion and bulk density are discussed. Indicators related to the water resource water quality, water availability index, nitrate levels in water and biological oxygen demand are also discussed. Greenhouse gases and their sequestration potentials are discussed for maintaining atmospheric air quality. For biodiversity, a biodiversity index and soil biota index were selected as potential indicators. In addition to the production resource-base, the paper also discusses the importance of economic and social sustainability indices. To summarize, we are suggesting that a common method of visualizing the above indicated indices is to generate amoeba diagrams. This paper also provides a review on the term 'sustainability' and specific indicators, with metrics where possible, are described as candidates for inclusion as potential indicators appropriate for agroforestry based bioenergy systems in Canada. Three agroforestry based bioenergy systems are described and specific indicators are discussed within the bounds of these systems.
INTRODUCTION
The deliberate introduction of trees into agricultural or pasture lands, in an agroforestry format (low density of trees with crops and/or animals), has resulted in diversified products and ecosystem services [1, 2] . These ecosystem services are derived mainly as a result of integrating the perennial tree component into the agro-ecosystems. In Short Rotation Woody Crop (SRWC) production systems, fast growing trees (e.g. willow (Salix spp.), and poplar (Populus spp.)) are integrated into marginal or high quality agricultural lands at very high densities, 15,000 to 20,000 trees per hectare. It is therefore safe to assume that similar ecosystem services as observed in agroforestry systems can also be derived in SRWC production systems due to the presence of perennial trees. Therefore, sustainability indicators associated with the production resource-base for both systems would be common indicators but the quantitative values associated with a given indicator will differ for both systems due to varying tree densities.
Before developing sustainability indicators, the term 'sustainability' must be defined; however, this is not a term that has an easy scientific definition. Rather it is inherently imbued by the bias of the speaker. There are those that revile *Address correspondence to this author at the School of Environmental Sciences, University of Guelph, Guelph, Ontario, N1G 2W1 Canada; Tel: 519-824-4120 x 52565; Fax: 519-837-0756; E-mail: nthevath@uoguelph.ca the common usage of the term using such adjectives as 'empty', 'condescending' and 'paternalistic' [3] . In 1987, the UN presented Our Common Future (a.k.a. The Brundtland Report) where it was stated that 'Sustainable development is development that meets the needs of the present without compromising the ability of future generations to meet their own needs' [4] . This is perhaps the most quoted passage in the literature related to sustainability. Despite the number of occasions where this definition is quoted or referred to, there remains disagreement. Many authors echo the theme of the Brundtland report [5, 6] while others promote an alternate view, "the only sustainable agriculture is profitable agriculture" [7] .
Perhaps part of the problem in providing an acceptable definition is the ad hoc manner in which sustainability has been assessed. To date, there are no universally accepted methods of assessment, let alone a standardized set of indicators, although the International Organization for Standardization (ISO) is currently developing a set specific to the bioenergy sector (ISO/TC248 Sustainability criteria for bioenergy). Some even argue for region specific indicator sets [8] , which could result in even greater confusion.
This paper provides a good review on the term "sustainability" by providing different approaches taken to define the term "sustainability" in any given production system. The paper also emphasizes the need to include economic and social dimensions along with environmental considerations when defining sustainability. Given these three dimensions (economy, social and environment), the paper describes in detail the development of potential sustainability indicators under each dimension associated with SRWC and agroforestry land-use systems in Canada.
CONCEPT OF SUSTAINABILITY
What is generally accepted is that 'sustainability' has three components: economic, social and environment. Often these are referred to as the three pillars while others prefer to view these in a hierarchal fashion where economic sustainability is only achievable if societal sustainability exists. These in turn are entirely reliant on the environment to provide goods and services over an extended period of time. Although these two views of sustainability seem to possess only a minor difference, it does result in two competing paradigms of sustainability: the wealth approach and the mosaic approach [9, 10] .
The wealth approach requires a full appreciation for the value of both built and natural capital and that future generation should inherit assets at least equal to the current value [9] . The wealth approach can be further dissected into two camps of weak and strong sustainability. Weak sustainability allows for the substitution of man-made and natural capital. This paradigm treats natural resources as a liquid asset. This concept also presupposes that there will continue to be technological and/or social advancements that can compensate for losses of our natural capital. Alternatively, strong sustainability requires that natural capital be conserved thus ensuring resource availability for future generations [11] .
Under weak sustainability, the transfer of capital or revenue from the site of production to purchase resources in an effort to compensate for existing production site limitations or loss of capital due to export is acceptable. A life cycle analysis (LCA) of such a scenario will obviously reveal a loss of capital from another area. This creates an interesting conundrum. For example, rock phosphate is mined for the benefit of high output agriculture. Where this resource is not conserved, either exported with the crop or lost due to erosion, replacement is required. This requires further mining of a finite resource. However, managing an agronomic system without the requirement for exogenous inputs renders the value of those potential inputs (e.g. rock phosphate) essentially zero. Under the paradigm of strong sustainability, the management system would conserve as much phosphorus as possible minimizing the requirement for external inputs, delaying the depletion of such resources to some time in the future.
The mosaic approach is essentially the same as the three pillars mentioned earlier. Ecological sustainability requires maintenance of ecological processes. Feasibility is the key concept in economic sustainability, and social acceptability is required to create the social pillar [11] . The Helmholtz concept is based on an "understanding of sustainability whose central ethical postulate is justice" [11] . This concept is set apart from traditional models of sustainability and establishes somewhat different goals, specifically "(1) securing human existence, (2) maintaining society's productive potential and (3) preserving society's options for development and action." While this is a very anthropocentric starting point, the concept does not put limits on non-human values. This method of developing a sustainability assessment program adheres to the principles described in the Brundtland Report. The Helmholtz concept further operationalizes rules for sustainability. From these rules, indicators may be developed.
The Bellagio Principles provide a guiding framework for a sustainability assessment program [12; http://www.iisd-.org/measure/principles/progress/bellagio_full.asp]. Similar to the Helmholtz Principles, these 10 principles guide the process of developing effective goals, objectives and indicators for assessing sustainability. The 10 principles are: Guiding principles and goals, holistic perspective, essential elements, adequate scope, practical focus, openness, effective communication, broad participation, ongoing assessment and institutional capacity. Of particular note is the requirement for ongoing assessment. While overarching goals are likely to remain the same during the life of a project, our knowledge and understanding at a systems level is sure to improve. This will in all likelihood result in changes in how we approach certain aspects of the assessment program.
Taking a more specific approach to agricultural sustainability, Zahm et al. (2008) developed IDEA (Indicateurs de Durabilité des Exploitations Agricoles or Farm Sustainability Indicators) [13] . This system is based on key concepts of sustainable agriculture as detailed by [14] : viable, livable, transferable and reproducible. These are essentially equivalent to the more generalized 3 pillars: economic, social and environmental. Buchholz [15] performed a review of the literature related to the development of sustainability indicators for bioenergy systems and created a list of the most common criteria used to make an assessment. They followed up on this effort by conducting a survey of experts from various sectors within the bioenergy field, which resulted in a ranking of the criteria.
Several of these criteria function beyond the farm gate. For example, macro-economic sustainability incorporates all practices from crop production to energy production and the impact on global energy markets. Micro-economic criteria can be assessed within the farm gate. The literature does not suggest a critical metric for sustainability at a microeconomic level. However, logically, any production system that tips the farm balance sheet into a negative position is unsustainable.
Only two criteria were selected by more than half of respondents to the survey as critical to any bioenergy assessment scheme: Greenhouse Gas (GHG) balance and energy balance. Both of these criteria would have to be assessed throughout the life cycle of a bioenergy system. However, GHG balance can be assessed within the farm gate and compared to alternative systems of crop production. Participation, a social indicator, ranked high among respondents indicating the demand for inclusivity among the variety of stakeholders in the decision making process. Stakeholder participation at both the policy and planning stages is required to ensure operational compliance, fundamental to the success of achieving stated goals.
In this survey visual and noise impacts ranked at the bottom of the list. It may be that the survey respondents recognize that shifting cropping practices would have little effect on these criteria among the local population. As such, it would be difficult to develop an indicator(s) that could effectively measure a response from neighbours or the public and thus would not be discriminatory in evaluating sustainability. Similarly, cultural acceptability ranks low. Perhaps because there are few arguments against a system that can show economic and environmental benefits, if that is indeed the case.
Agroforestry practices that are currently being researched in North America include shelterbelts, windbreaks, silvopastoral systems, forest farming systems, integrated riparian forest systems, and tree-based intercropping systems [16] [17] [18] . Over the past 25 years, investigations on tree-based intercropping systems in southern Ontario have discovered several complementary biophysical interactions associated with this land-use system [18] . In this context, several of the criteria provided in this list will be useful to develop sustainability indicators associated with temperate agroforestry systems. This paper also discusses indicators associated with biomass production in agroforestry systems in addition to biomass production sustainability indicators associated with SRWC systems.
INDICATORS FOR MONITORING SRWC SUSTAIN-ABILITY Environmental Air Indices

GHG Emissions
Measuring GHG emissions and sequestration are obvious measures of sustainability. Zero net emissions are good while net sequestration is better. A system that is a net emitter may be deemed unsustainable. The math is not so simple and systems that contribute relatively small amounts of net GHG production may be better options where other benefits exist, thus more sustainable. There still exists some uncertainty as to the ability of the planet to absorb CO 2 and other GHG's without substantive changes to ecosystem processes. While the science continues to evolve the general consensus among researchers, if not policy makers, is that action must be taken to reduce GHG emissions.
The contributing components to a GHG index include CO 2 , N 2 O, HFC's, PFC's and CH 4 . HFC's and PFC's do not need to be accounted for within the farm gate as they are generally derived from industrial sources and cooling systems. CO 2 and N 2 O have been suggested as the main components to be monitored [19] given that the flux of both compounds is strongly correlated to management practices [20] [21] [22] . N 2 O may be produced directly through the processes of denitrification and nitrification or indirectly by conversion of deposited NO x and NH 3 as well as through combustion. Soil nitrogen in excess of crop demand can leach into ground and surface water where it can undergo conversion to N 2 O as well in the presence of soluble C.
McBride et al. [19] and West et al. [23] do not include CO 2 flux from soil respiration or photosynthesis in determining the GHG flux as this carbon is typically accounted for by determining soil carbon stocks and estimates of standing biomass. CO 2 and N 2 O flux can be measured directly in the field or estimated from the literature. Guidelines and esti-mates have been produced by a variety of sources. Current estimates of emissions from fuel consumption can be found on the Environment Canada website (http://www.ec.gc.ca/-gesghg/default.asp?lang=En&n=AC2 B7641-1#section2). Long term GHG flux can be determined using the eddy covariance method [24, 25] with appropriate sensor technology. However, this methodology is expensive and requires significant expertise. A modeling approach is typically employed and several simple to use applications are available (e.g. GREET, Greenhouse Gases, Regulated Emissions and Energy use in Transportation). The IPCC employs a standard methodology for estimating N 2 O emissions in agroecosystems where accurate measurements are not available. [26] provides a critical review of this methodology.
Establishing a critical value for a sustainability index must include estimates of the GHG's emitted during transportation, processing and burning, all of which occur beyond the farm gate. Determining the amount of GHG's fixed, as carbon equivalents (C eq ), may be estimated from values published in the literature [27] or via growth curve equations [28, 29] .
Air Quality
McBride et al. [19] suggest 4 indicators of air quality: carbon monoxide (CO), tropospheric ozone (O 3 ), inhalable particulate matter (PM10) and repairable particulate matter (PM2.5). However, they go on to state that most of these emissions occur with combustion of the biomass. There would be some contributions of these air quality indicators made during cultivation, planting and harvesting. However, these would be minor in comparison. Europe has imposed stringent values on particulate matter emissions with airborne concentrations not to exceed 50 g m -3 and 25 g m -3 for PM10 and PM2.5, respectively.
The challenges related to measurement of GHGs are that the equipment needed for these measurements are very costly and it may not be feasible to measure them and maintain sustainable emission levels by common landowners or growers. Further, GHG emissions are also highly seasonal and weather dependent. Therefore, best management practices that contribute directly towards GHG emission reductions and practices that enhance GHG sequestration should be promoted at the landscape level.
Environmental Soil Indices
Soil Nitrogen
Biomass production is greatly influenced by soil nitrogen as it contributes to above ground growth. In this context, [19] suggest total soil nitrogen as a good indicator to assess site quality. Therefore, a measure of total N (organic and inorganic) would provide a measure of soil productivity over time. Where initial stocks of N are low, increasing values over time will suggest a move towards a more sustainable system. In a willow biomass production under tree-based intercropping system in southern Ontario, Canada, [30] have reported that higher biomass yields were obtained with only 15 kg nitrate N ha -1 , released from decomposing leaf litter and fine root biomass turnover. This suggests that willow biomass crop can be grown without external inorganic fertilization at least during the initial years of establishment. Therefore, when biomass is produced under an agroforestry system, cycling of nutrients may contribute towards the accumulation of soil N over time.
However, conversion of lands from one productive, and nitrogen conserving system, to biomass production (which is assumed to have N conserving properties) may result in an overall reduction in total N. This should not be interpreted as biomass production being unsustainable. There are no critical limits published for total N. Thus, this indice is somewhat subjective in nature and would require careful interpretation specific to individual sites. What is certain is that large decreases in total N measured over time indicate a decrease in long-term productivity, therefore, may increase the demand for exogenous inputs, a trend towards unsustainability.
Phosphorus
Phosphorus, similar to nitrogen, is required in relatively large amounts to sustain crop productivity. As it is relatively immobile in soils, P loss is due to exportation with the crop and soil erosion. Depletion of P in the soil can significantly decrease yield and deposition of soil bound P in fresh waters can lead to eutrophication. Thus, conserving and protecting P stocks in the soil are vital to long term sustainability and this has been suggested as a suitable indicator by [19] . Once again, the literature does not suggest a specific threshold value for soil phosphorus. Methods for measuring extractable phosphorus can be found in [31] .
In all biomass production systems, especially in the temperate region, nutrient additions via litterfall, stemflow and throughfall should be quantified against the exportation of nutrients via biomass harvest in order to maintain the nutrient balance of the production system [30] .
Total Organic Matter
It is well documented that changes in land use practices and cultural methods have a strong influence on soil carbon stocks [27, 32] . Soil organic carbon (SOC) or Soil Organic Matter (SOM) has a large influence on a number of soil physical and chemical characteristics including cation exchange capacity (CEC), bulk density, permeability, structure as well as being positively correlated with soil health and quality. Building soil carbon stocks addresses the issues of maintaining and enhancing soil productivity thus ensuring a stock of natural capital for future generations. Growing biomass crops does not assure an increase in SOC. This will depend on previous land use and changes in the biophysical characteristics of the site related to these changes as well as climate change. Additionally, it may be useful to partition SOC into labile and recalcitrant pools. Methods for accounting soil carbon are detailed in the IPCC Guidelines Report no. 3 [33] . Methods for the characterization of SOM can be found in [34] .
Erosion
Soil erosion is a natural process. Enhanced rates of erosion are associated with conventional agronomic practices. Where the rate of soil formation equals or exceeds the rate of erosion, the system can be assessed as sustainable. Alternatively, soil erosion rates can be categorized as suggested in [35] .
Rates of erosion may be measured directly or approximated through the use of the Revised Universal Soil Loss Equation (RUSLE) [35] .
Where A is the estimated annual soil loss (T ac -1 or T ha -1 )
R is rainfall factor K is the soil erodibility factor L is the slope length S is the percent slope C is the crop coefficient factor P is the support practice factor
The support practice factor refers to methods of conservation tillage, planting schemes and/or terracing of slopes. As such, it is likely not applicable to current SRWC planting schemes and can either be ignored or set to a value of '1'. In an agroforestry land-use design, one could use the buffers or shelterbelts as a modifier for factors "L" or slope length. If planted across a slope, this could effectively reduce the slope effect.
The limitation to using the RUSLE is that there are no crop coefficients for SRWC or other proposed biomass crops other than for canary grass (Phalaris canariensis) used as part of a fallow system in the Prairies. There is a crop coefficient for woodlands but this value is for mature woodlands and reflects much different conditions of structure and soil stability than would be found in SRWC system. It also does not account for harvest cycles or for erosion caused by wind.
Direct measurements of erosion may be considerably more involved. Construction of flumes that accurately define the area for sampling and the installation of measuring and/or sampling devices are costly, require skilled operators and can interfere with farm machinery. Alternatively, erosion pins are inexpensive, easily measured and large numbers can be deployed with minimal investment. These and other options are discussed by [36] .
Bulk Density
McBride et al. [19] also suggest bulk density as a useful measure of soil quality. Bulk density is strongly influenced by management and tillage activities as well as the soil biota including the plants that occupy the site. Reducing bulk density suggests a healthier soil but would be highly correlated with changes in SOM. Similarly, soil aggregate stability or permeability could be used as proxies for the general health of a soil but would also be strongly correlated with SOM. The use of such indicators in combination with a measure of SOM may result in over-weighting a more singular aspect of soil physical properties and their use should be subject to careful interpretation.
Environmental Water Indices
Water Quality
The Canadian Water Quality Index [37] has been developed to provide a uniform method of evaluating water quality nationally. This is a composite index that summarizes the results of analysis for a variety of naturally occurring potential contaminants as well as several chemical characteristics of water. Interpretation of the composite values requires some level of experience and skill. Also, sample collection and analysis can be quite costly. However, it does allow for an incomplete set of values while reporting summaries that are comparable across regions. Still, there is no rationale behind establishing a specific output value as a limit for sustainability. Despite the benefits, this index does not appear to be a prime candidate as a sustainability criteria within the context of this work as SRWC receive less or no external fertilizer and agro chemical inputs to the system [30] .
Water Availability Index
A potential indicator of water availability is the Falkenmark Water Stress Indicator [38] . The authors suggest a range of available water volumes on a per capita basis that relate to water security: Where T (cap) is the total renewable water resource/capita/yr and may include either or both surface and ground water resources.
There may be technical or financial limitations to such an indicator as it requires that information on local water supplies exist in some detail or would need to be collected. This data may not exist, especially where smaller communities rely on local groundwater supplies. However, the Falkenmark indicator is perhaps the most widely used method internationally [39] .
At the least, groundwater can be monitored for trends in availability. Where a change in land use practice causes a continuing trend in depletion of ground water, this could well be deemed unsustainable. It should be noted that the current land use practices may have caused changes in groundwater levels beyond some unknown sustainability threshold. Such a limit would have to be evaluated on a case by case (farm by farm) basis. Perhaps a lower limit can be arbitrarily established.
In the case of a farm water supply being derived from a shallow (dug) well, if there have been no reported shortages in supply then whatever level of groundwater exists is sustainable as long as demand does not increase. Climate fluctuation (from local to global scale) may influence rates of loss (evapotranspiration) and recharge (rainfall, snowmelt). Short-term trends that may result in occasional water shortages do not necessarily lead to a conclusion of unsustainability.
Another approach to assessing sustainable water supply is proposed by [40] . Here it is proposed that variability of run-off water (not infiltrated into the soil) indicates vulnerability to drought and flood. In general, soil health is implicated in this indice. Reduction in bulk density, improvement in structure (presence of macropores and development of peds), increase in organic matter content, physical barriers to surface flow may all be attributable to a change from annual crops to perennial crops (SRWC). This is calculated according to the formula R = (1-(x-1)/5-1))*100
With x = runoff ratio. Scores >100 are set to 100 and <0 are set to 0. A value 50 or less suggests vulnerability.
The simplest method for monitoring water availability may be to use piezometers. These are simply tubes, open at the bottom and covered with a filter sock, installed in the ground to a depth that corresponds with the groundwater table. The water flows into the tube and sits at a height exactly that of the groundwater. A dipstick or other measuring device is simply lowered into the tube and the depth of the water can be established. Additionally, samples can be collected for chemical and biological analysis.
Nitrate
Health Canada [41] has established a maximum acceptable concentration (MAC) of nitrate in potable water of 10 mg L -1 as nitrate-nitrogen. Additionally, Health Canada has established a MAC of 3.2 mg L -1 for nitrite. Both nitrate and nitrite are associated with soil nitrogen transformations, are water soluble and mobile in the soil environment and can be expected to be influenced by changing land use practices. Thus, sampling the water table for changes in nitrate and nitrite should prove to be an effective indicator.
At the pilot scale, monitoring changes in surface water characteristics would be impossible. Surface water run-off can be captured and analyzed.
Biological Oxygen Demand and Chemical Oxygen Demand
Biological oxygen demand (BOD) and chemical oxygen demand (COD) are common methods of evaluating water quality. BOD can be related to the nutrient load within the water while COD can be used to evaluate the quantity of organic compounds.
Environmental Biodiversity Indices
Biodiversity Index
It is widely accepted that increasing biodiversity enhances stability and resilience within an ecosystem. Higher redundancy in an ecosystem, or more specifically within guilds, should result in greater stability [42] . Creating a more complex landscape mosaic, in this case by introducing a new agronomic crop, should create opportunities for greater biodiversity. However, there does not exist a critical value above or below which ecosystem collapse is inevitable or considered likely.
If the farm ecosystem is functioning well, indeed a very subjective determination, prior to the introduction of the biomass crop, a measure of the current diversity may be considered as the threshold value. A caveat to this approximation is that if a keystone or invasive species is present, their contribution to any measure of diversity may be quite small while their true ecological influence may be great.
Soil Biota Index
There are a variety of methods available to measure soil biological activity, diversity and biomass. A thorough review of current methods and their application can be found in Microbiological methods for assessing soil quality [43] . Several challenges exist in using any of these methods, on their own or in some combination, to assess sustainability. Different soil types have different native biota. Regional climatic differences will also influence things. There is no evidence of a specific value for sustainability. Again, we can compare results between similar soils under different management practices. In work reported by [43] the reference soil was sourced from an organic farm.
Economic Indices
Microeconomic Indicator
Microeconomic sustainability ranked high in the survey by [15] . However, [44] identifies the many challenges in developing economic indicators due to the variety of attributes that contribute to farm viability, not the least of which is the time factor and the associated unpredictability of variables that influence rates of return on investment (e.g. weather, interest rates, market demand). SRWC have harvest rotations of 3 or more years. The further into the future we attempt to predict the less certain we are of our accuracy.
Tisdell [44] suggests that, while not an ideal indicator, net present value (NPV) is the most easily obtained and comprehensive value available. NPV is calculated as
Where R t is the net cash flow (inflow -outflow) i is the discount rate (the rate of return on an alternative investment with similar risk) and t is time.
Given the uncertainty associated with predicting NPV, it would be wise to use conservative values in determining the discount rate. Calculating the outflow portion of R t is relatively straightforward. Bioenergy plantations have capital costs that are largely frontloaded (high start up cost and low maintenance costs) removing some of the uncertainty associated with long term financial planning. However, the inflow projection will be dependent on productivity and the estimated price for the crop. Some of this uncertainty can be eliminated if contracts with set prices for the crop are maintained.
While using NPV is standard accounting practice and is quite simple where most costs are internalized, agriculture in general possesses many externalities, both positive and negative. A full accounting of ecosystem goods and services as well as the negative externalities should be included if possible. It is generally assumed that SRWC, as well as other bio-energy crops, will enhance ecosystem and environmental qualities while reducing negative impacts.
Where the NPV is greater than zero the system may be said to be sustainable.
On-Farm Employment
The creation of revenue generating employment opportunities for members of the farm family can contribute to economic and social well being. However, even where more revenue can be realized the timing or volume of the workload may conflict with other required farm duties or other necessary or desirable tasks including educational and recreational opportunities.
The direct benefit of added income suggests a system that is more sustainable and can be easily measured. If family members are in a better financial position year after year then the system may be deemed sustainable. But, not if this benefit comes at a physical or emotional cost.
The distribution of workload can influence the physical and emotional health of farm labourers. This is a more difficult thing to measure and there are no metrics discussed in the literature. Developing an index may require both a quantitative and qualitative assessment of the individuals involved in the work. A qualitative assessment can be achieved by logging hours worked on a daily basis on specific tasks or chores. Thus, workloads can be compared either in a before and after scenario or side-by-side where other farms of similar size and structure are available for comparison.
The second component would require a survey of individual workers where they would self assess their physical and emotional attributes compared to an initial assessment prior to the introduction of the bioenergy crop.
Social Indices
This pillar of sustainability is typically measured at a larger scale than can easily be evaluated for small-scale changes in land use. As such, there is a requirement to develop new indices. The relative lack of social indicators discussed in the literature is an indication of the difficulty in developing an indicator that meets the 6 criteria discussed earlier. It is likely that some potential indicators of social sustainability may be challenged due to cultural or personal bias.
At a minimum, we may accept the human rights charter established by the United Nations as a basis for creating social indicators. However, it is difficult to establish a direct link between these established rights and what amounts to a minor shift in agronomic practices. Thus, the validity of the criteria is tenuous at best.
Buchholz et al. [15] identify 15 social indicators of sustainability in their survey. Of these, only 2 ranked in the top 10, 'participation' and "compliance with laws". Within the Canadian context, and constrained by the farm boundary, the latter indices is not likely to be discriminatory. That is, all farms would likely be in compliance with laws in growing biomass providing they follow 'good' or 'best' management practices. The former, sometimes stated as participatory democracy, is almost universally accepted in the literature as necessary for a sustainable system. This can be evaluated through simple survey questions at various stages of the production cycle and by maintaining good records (i.e. attendance to stakeholder meetings, minutes of planning meetings).
Visualizing and Interpreting the Data
In order to summarize all the above discussed indices, we suggest that a common method of visualizing the data related to above indices is to generate amoeba diagrams [45] (Fig. 1) . These are 2-dimensional, multi-axis diagrams where the axis scale can be ordinal or relational. Using relational axes makes visual interpretation easier. In the absence of distinct values (or ranges of values) that are deemed thresholds of sustainability, data can be normalized against a reference state. The reference state may be determined by collecting information from a local site that reflects an ideal state of the ecosystem. This could be a site that has minimal disturbance and native vegetative cover, or farmland that is currently Fig. (1) . Example of an amoeba diagram. From Bell and Morse (2000) [NPV-Net Present Value; BOD -Biological Oxygen Demand; GHG -Greenhouse Gas]. managed under the best management practices.
Amoeba diagrams do not provide a composite value for sustainability. They are a visual representation that effectively gives equal weight to each index that will allow for comparison and interpretation. Collecting the same set of data on the sustainable indicators over time, the user can see which areas are improving, which are declining while still getting a sense of the overall sustainability of the system.
CAVEATS
The suite of indicators proposed here may not be comprehensive. Our understanding of the intricacies of the biophysical environment, shifting economic theories and social changes may alter our intrinsic understanding of some of the proposed indicators. Scale, both spatially and temporally, may also contribute to a shifting emphasis towards specific indicators or the creation of new ones. Ultimately, there will be a need to co-ordinate any set of indicators with international standards to facilitate the incorporation of local information into larger models (e.g integrated modelling and assessment) appropriate for policy development and hypothesis development (further academic inquiry).
AGROFORESTRY SYSTEMS
Agroforestry is an approach to land-use that incorporates trees into farming systems, and allows for the production of trees and crops or livestock from the same piece of land in order to obtain economic, ecological, environmental and cultural benefits [16] . Agroforestry has its roots in the developing world, where lack of land resources in the presence of high population growth necessitated the development of novel and simultaneous wood and food production systems by indigenous peoples. In North America and in Canada, many different types of agroforestry have been employed historically [16] , but the vast potential for economic and environmental benefits attributed to agroforestry have yet to be realized on a large scale. The main types of agroforestry practices currently being researched in many areas of Canada are shelterbelts and windbreaks, silvopastoral systems [animals, pasture and trees], integrated riparian forest systems, forest farming systems, and tree-based intercropping systems [crops grown between widely spaced tree rows]. Three agroforestry systems that have the greatest potential to produce biomass are: shelterbelt, intercropping and riparian plantings [30] . Therefore, within the context of biomass production potentials, these agroforestry systems, will be discussed as to how these systems can promote above indicated sustainability indices.
Shelterbelt
Shelterbelt systems, primarily appropriate to western Canada, may include multi-row and multi-species arrangements of trees. Including SRWC into such systems may be feasible from an agronomic standpoint. Economic feasibility will require estimates of increased annual crop yield per unit area attributable to the shelterbelt, annual yield lost due to lands committed to the shelterbelt and the net present value of the SRWC. Harvest cycles could be staged to ensure the performance of the shelterbelt is not greatly diminished. This could well be managed to maintain the height and porosity of the shelterbelt as well as benefits associated with habitat, biodiversity, GHG sequestration, etc. Under drier conditions typical of the prairies, poplar is preferred and rotation length may be in the order of 7-10 years. In more humid climates hybrid willow may be incorporated and shorter rotations are possible.
Two general design options are viable. The first would include 1 or 2 rows of long-lived evergreens (spruce, pine) with several rows of SRWC species. The second may consist of only SRWC but to maintain the beneficial effect of modifying wind patterns shelterbelts would be closely spaced. [46] suggest the distance between shelterbelts of 10-15 times the expected height at harvest age. With either design, the width of the planting should be a multiple of the width of the equipment used for planting and/or harvesting and also should accommodate land that will be occupied by the growth of trees in the rows. As harvesters are typically quite specialized, and more expensive to operate, this is likely the overriding consideration in planning the width in addition to spray boom width.
The proposed suite of sustainability indicators, discussed in relation to SRWC systems, may not all be appropriate for assessing a system such as this. Shelterbelts are typically designed to optimize soil protection and enhance conditions for crop growth. As such, their influence on open waters may be negligible but may contribute positively to reduce surface overflow or run off. However, they may influence ground water reserves (quantity) and use of fertilizers and crop protection products (quality). Monitoring changes in ground water would be of great importance. Shelterbelts designed to address habitat fragmentation as well as crop protection may result in increased observations of species of special interest (e.g. locally identifies species at risk). While such observations would be factored in to any measure of biodiversity, their presence or absence may be given special weight in the overall assessment of sustainability.
Shelterbelts designed for the sole purpose of odour and/or dust reduction to enhance the air quality have to be placed around livestock production facilities or closer to the farm production facilities. Four primary factors are thought to contribute to these odour issues: a) urban expansion and housing development closer to farming communities, b) increased production and application of manure to soils, c) long range transportation of odour due to lack of vegetative barriers, d) current municipal policies have limited producer incentives to control activities beyond minimum regulatory requirements [47] . Shelterbelts are also being used as sound barriers contributing to acceptable noise levels for a healthy living. In this context, sound levels of 66 dBA and 50 dBA have been recommended as acceptable daytime and nighttime sound levels, respectively. These numbers can be considered as an acceptable indicator for sound as influenced by shelterbelts. However, there are no defined sustainability indicators related to shelterbelts and air quality at the present time, therefore, development of such indicators in relation to shelterbelt designs should be considered in the future.
Intercropping
SRWC may also be incorporated into an intercropping system where either SRWC are grown as an understory crop within a timber plantation or intercropped with other tradi-tional annual crops (e.g. corn (Zea mays), soybean (Glycine max), winter wheat (Triticum aestivum)) with or without the timber component [48] state that block plantings of SRWC are more economically efficient; however, greater environmental gains can be achieved through methods of stripcropping. On sloping land, contour plantings would provide additional gains in reducing soil erosion. The benefits of such a system are similar to those observed in other systems incorporating a perennial component and include enhanced nutrient cycling, improved soil structure, greater biodiversity, reduced erosion and evaporative loss of water.
As with the shelterbelt design, the width of the SRWC strip should be a multiple of the width of the available machinery. The width of the annual crop strips would also be determined by the available machinery but on lands susceptible to erosion, the crop widths may also be determined by applying the revised universal soil loss equation. In effect, strip cropping creates many small fields and reduces the potential for excessive soil movement. The choice of species and rotation length of the SRWC component will be influenced by soil and site conditions as well as consideration for competition, especially for light. Long rotation cycles of single stemmed woody crops may result in unacceptable reductions in annual crop yield due to shading. Shorter rotations of coppiced trees will reduce light competition. Combined with appropriate tillage along the SRWC margin, both above and belowground competition can be managed.
Intercropping with SRWC can reasonably be expected to create a number of environmental benefits including increased biodiversity, reduced GHG emissions, enhanced carbon sequestration at the system level, increased soil organic matter and enhanced water conservation [49] . It can also distribute workloads over a greater period of time, which may be perceived by the practioner as a benefit and may enhance economic returns. Economic returns can be determined by applying standard accounting methods. Measures of workload and personal satisfaction may best be determined via a standardized survey. Measuring the environmental changes is somewhat more complex.
There will exist greater diversity of environmental characteristics in an intercropped field. These zones will have to be taken into careful consideration when sampling or measuring for some of the proposed sustainability indicators [49] summarize the results of a number of studies conducted at the University of Guelph Agroforestry Research Station, a 30 ha intercrop plantation. In this summary, the authors note distinct differences in soil carbon between tree rows and the alleys with annual crops. There is also a transition zone between the tree and crop alleys that is a function of the height of the trees, which results in non-uniform distribution of leaf litter and fine root turnover across the field. Sampling for soil properties, whether chemical or physical, will require a methodology appropriately weighted to the area of land under the different crops.
Intercropping introduces structural diversity to the landscape, not just horizontally but vertically as well. This may make direct measurement of some indices more difficult (e.g. GHG's), which suggests that generating estimates from models or from data mining the literature will be more practical. Other indices may still be directly measured in the field but due to the increased complexity of the system, a proxy may need to be used. For example, biodiversity changes would require extensive sampling. Substituting birds alone as a measure of diversity may be acceptable and has already been shown to be demonstrably different under this management system [50] .
Riparian Zone Plantings
Afforested riparian zones may include SRWC as a component of the system where the primary goals are to protect soil and water quality. Such a system would include trees, grasses and shrubs (Fig. 2) . At the field margin cool season grasses are grown to intercept soil particles and slow water movement. At the water interface larger trees are grown to provide permanent streambank stability as well as to shade the water resulting in reduced temperatures and decreasing the potential for excessive algal growth. Between these zones SRWC may be grown providing several ecological and environmental benefits. These benefits include increased infiltration of surface waters, enhanced trapping of sediment and potential pollutants (nutrients, pesticide residue, E. coli), enhanced wildlife habitat, reduced flooding potential, etc. Harvest cycles would temporarily diminish some of these benefits but the permanent root systems would continue to provide important benefits.
Kuhn and Rietveld [48] summarizes the work of the US Natural Resources Conservation Service (NRCS) and provide suggested minimum widths for SRWC production in riparian zones (Fig. 2) . Nearest the water a 15 foot (4.5 m) zone is reserved for native tree species. A minimum 20 foot (6 m) zone is required for SRWC production, and an optional 15 foot (4.5 m) grassed zone at the cropped field margin. This zone is optional based on the landowners objectives and need for a filter to slow rates of run-off and filter sediment. A site with relatively level topography and/or a soil with low water erosion potential would benefit less from a grass strip. The middle zone can be made wider depending on landowner objectives and an objective valuation of at least the economic and environmental benefits of the system. Afforested riparian zones in agricultural settings are specifically designed to protect surface waters. As such, the sustainability indices employed to monitor this system would be more heavily weighted towards water quality issues. In addition to the proposed suite of sustainability indicators, other characteristics could be monitored as measures of ecosystem change. How these changes are evaluated, as positive, negative or neutral, will require interpretation relevant to the specific site. The list of in-stream characteristics that could be monitored includes temperature, turbidity, dissolved oxygen, conductivity, type and distribution of substrate and bank stability. These indicators would be most suitable for assessing stream quality as habitat for specific species that are most sensitive to such changes (e.g. trout (Salvelinus fontinalis)). Most of the proposed indicators do not have an absolute threshold for sustainability. As such, ecosystem changes must be evaluated over time and with respect to the stated goals. Generating a complete characterization of the site and waterway prior to changing management systems would be required to fully assess the effect of the ecosystem changes.
CONCLUSION
It is demonstrated that agroforestry systems have better economic, social and environmental benefits than conventional agriculture. These benefits include increased farmer income, enhanced habitat, biodiversity, GHG sequestration, more efficient nutrient cycling, increased infiltration of surface waters, enhanced trapping of sediment and potential pollutants, etc. This study has attempted to provide a review of the key organizations involved in developing methodologies for assessing and evaluating sustainability for bioenergy projects. However, most of the proposed indicators examined here may not be comprehensive. In this context, the Visualizing and Interpreting the Data method (Fig. 1) could be a useful tool for assessment, but it does not provide a composite value for sustainability. To summarize, in order to have an effective assessment of sustainability indicators associated with any biomass production system, international standards should be established to facilitate sustainable system designs, which can be implemented under specific site conditions.
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